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The effect of added Cd(II), Cu(II), Cr(VI), or Hg(II) at 0.01 to 100 ppm on metabolism in anaerobic bacterial
consortia which degrade 2-chlorophenol (2CP), 3-chlorobenzoate (3CB), phenol, and benzoate was examined.
Three effects were observed, including extended acclimation periods (0.1 to 2.0 ppm), reduced dechlorination
or biodegradation rates (0.1 to 2.0 ppm), and failure to dechlorinate or biodegrade the target compound (0.5
to 5.0 ppm). 3CB biodegradation was most sensitive to Cd(II) and Cr(VI). Biodegradation of benzoate and
phenol was most sensitive to Cu(II) and Hg(II), respectively. Adding Cr(VI) at 0.01 ppm increased biodegra-
dation rates of phenol (177%) and benzoate (169%), while Cd(II) and Cu(II) at 0.01 ppm enhanced biodeg-
radation rates of benzoate (185%) and 2CP (168%), respectively. Interestingly, with Hg(II) at 1.0 to 2.0 ppm,
2CP and 3CB were biodegraded 133 to 154% faster than controls after an extended acclimation period,
suggesting adaptation to Hg(II). Metal ions were added at inhibitory, but sublethal, concentrations to inves-
tigate effects on metabolic intermediates and end products. Phenol accumulated to concentrations higher than
those in controls only in the 2CP consortium with added Cu(II) at 1.2 ppm but was subsequently degraded.
There was no effect on benzoate, and little effect on acetate intermediates was observed. In most cases, methane
yields were reduced by 23 to 97%. Thus, dehalogenation, aromatic degradation, and methanogenesis in these
anaerobic consortia showed differential sensitivities to the heavy metal ions added. These data indicate that the
presence of heavy metals can affect the outcome of anaerobic bioremediation of aromatic pollutants. In
addition, a potential exists to use combinations of anaerobic bacterial species to bioremediate sites contam-
inated with both heavy metals and aromatic pollutants.

Hazardous halogenated aromatic compounds which have
been used by agriculture and industry and discharged into the
environment for several decades often accumulate in anaero-
bic sediments, soils, and aquifers. Anaerobic bioremediation
has been proposed as an inexpensive method for in situ re-
moval of organic contaminants in the environment. However,
heavy metal contamination from both natural (erosion, fires,
leaching, volcanic activity, and microbial transformation) and
anthropogenic (industrial waste, dumping of sewage, burning
of fossil fuels, etc.) sources also results in the accumulation of
metals in anoxic environmental niches. Little is known about
the effect on anaerobic bioremediation when both types of
contamination are present. Therefore, anaerobic bioremedia-
tion of chlorinated xenobiotic compounds in the environment
must take into consideration the effect of metals on anaerobic
bacterial processes and of anaerobic bacterial species on the
metals themselves.
The toxicity of a heavy metal to anaerobic bacteria depends

upon a number of factors, including chemical form, bioavail-
ability, and the presence of bacterial species that are resistant
to or can detoxify the metal (11, 12). In addition, hydrogen
sulfide and organic compounds produced by anaerobic biopro-
cesses may precipitate metals, reducing toxicity, while highly
reducing conditions may change the valence of the metal ion,
resulting in a change in the toxicity of a heavy metal (7, 12, 13,

25). To add to the complexity of the situation, anaerobic bio-
degradation often occurs through interdependent cooperation
of several types of anaerobic bacteria (23). This requires an
understanding of the effect the heavy metal has on several
functional groups of bacteria within the population, particu-
larly those groups occupying central positions and playing key
metabolic roles in anaerobic ecosystems, e.g., dehalogenating,
syntrophic (24, 26), or methanogenic species.
Only one preliminary study previously investigated the effect

of heavy metals on reductive dechlorination (17). That inves-
tigation found increased lag phases, reduced rates, and com-
plete inhibition of dechlorination for various chlorophenols in
unadapted sediment slurries to which high concentrations (20
to 100 ppm) of Cd(II) or Cr(VI) were added. Because of the
high organic content of sediment slurries and the high concen-
trations of metal ions required for inhibition, these data sug-
gested that a major portion of the metal ion was not bioavail-
able.
The objective of our work was to examine the effects of

Cd(II), Cu(II), Cr(VI), and Hg(II), heavy metals listed as pri-
ority pollutants (15), on the reductive dechlorination of two
model chlorinated compounds, 2-chlorophenol (2CP) and
3-chlorobenzoate (3CB), in anaerobic bacterial consortia de-
rived from aquatic sediment and specifically adapted to com-
pletely degrade these compounds in a mineral medium con-
taining no sediment but supplemented with yeast extract
(0.02%), resulting in a low-organic background (32, 33). To
investigate the effect of added metal ions on dechlorination
versus aromatic biodegradation, consortia which were derived
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from the 2CP consortium and which degraded either phenol
(34) or benzoate (31) were also studied.

MATERIALS AND METHODS

Consortia and growth conditions. The 2CP and 3CB consortia were derived
from aquatic sediment enrichments in which the original sediment was diluted
out as a result of several sequential transfers to fresh anaerobic medium (33).
The phenol (34) and benzoate (31) consortia were derived from the original 2CP
consortium by transferring inocula from the 2CP consortia to phenol or benzoate
medium. These derivative consortia were refed phenol or benzoate when the
substrate was depleted and passed (10%) to fresh medium every 2 months for
over 1 year. After this adaptation, both derivatized consortia lost the ability to
dechlorinate 2CP. The benzoate consortium also lost the ability to degrade
phenol.
The anaerobic cultivation and sampling techniques and anaerobic defined

mineral medium used were previously described (33, 34), except that 0.02% yeast
extract was added and the Na2S reducing agent was deleted. The 2CP, phenol,
benzoate, and 3CB consortia were adapted to this medium by passing several
sequential transfers (10%) from a stock consortium to the medium containing
the target compound, i.e., 2CP (500 mM), phenol (1 mM), benzoate (2 mM), or
3CB (800 mM). This diluted Na2S from the stock consortium. Incubations were
done at 308C. Cultures were grown in serum bottles (160 ml) with 100 ml of
medium.
Anaerobic degradation studies in the presence of added metals. Concentrated

metal salt stock solutions of CdCl2, CuCl2 z 2H2O, K2CrO4, and HgCl2 were
prepared with sterile H2O, equilibrated with N2, sealed in acid-washed serum
bottles, and autoclaved. An initial study monitored the biodegradation rates of
target compounds in consortia after addition of the metal salt to yield Cd(II),
Cu(II), or Cr(VI) final concentrations of 0.01 to 100 ppm. Hg(II) was added to
0.1 to 100 ppm. A sublethal concentration of each metal, which reduced the
biodegradation rate by approximately 50%, was selected for each consortium,
and the effect of added metal ions on the formation and degradation of meta-
bolic intermediates and formation of methane as an end product was monitored.
Dechlorination and degradation rates were calculated as the slope of the best-fit
line. When dechlorination of 2CP and degradation of the resulting phenol oc-
curred simultaneously, the concentrations of 2CP and phenol were summed at
each sampling point. This allowed a best-fit line to be generated for the phenol
biodegradation rate that accounted for the additional phenol forming via de-
chlorination. The acclimation period was the number of days that passed before
a decline in the initial concentration of the target compound was detected. Test
cultures, control cultures without added metals, and uninoculated control cul-
tures were prepared in triplicate.
Analytical methods. Aromatic compounds were quantified by high-perfor-

mance liquid chromatography. Samples (1 ml) were filtered (Acrodisc CR PTFE,
13-mm diameter, 0.2-mm pore size) and analyzed immediately or stored (2208C)
until analysis on a Hewlett-Packard 1050 high-performance liquid chromato-
graph equipped with a Hypersil octyldecyl silane column (5 mm, 100 by 2.1 mm),
an autosampler, and a Hewlett-Packard Chemstation. Injected samples (2 ml)
were analyzed at 207 nm. The mobile phase (0.5 ml/min) was 50 mM K2HPO4
(pH 3.5)–CH3CN, with the CH3CN increasing in an isogradient from 41 to 65%.
Target compounds and dechlorinated intermediates were identified and quanti-
fied by comparing retention times and areas under the curves with those of
authentic standards.
Pentafluorobenzyl derivatives (14) of volatile fatty acids, including acetate,

were prepared from filtered (Acrodisc CR PTFE, 0.2-mm pore size) culture
supernatant. Derivatized volatile fatty acids were identified and quantified by
comparing retention times and areas under the curves to those of a derivatized
mixture of authentic standards. An Ultra 2 (5% phenylmethyl siloxane) column
(Hewlett-Packard) on a Hewlett-Packard 5890 gas chromatograph equipped with
an electron capture detector was used. Heptanoate was added to each sample
before derivatization as an internal derivatization control.
Total methane was calculated from the percent methane (33) and total gas

volume (24) as previously described, with a Hewlett-Packard 5840 gas chromato-
graph. The methane yield was determined by dividing the total amount of
methane produced in consortia with added metal ions by the total amount of
methane produced in control cultures (27).
The concentration of dissolved metal ions was determined on filtered

(0.45-mm pore size) culture samples. Cu, Cr, or Cd was determined with a Varian
spectrAA-300/400 atomic absorption graphite spectrophotometer equipped with
hollow cathode lamps (Starna Cells, Inc., Atascadero, Calif.) specific for each
metal. Dissolved Hg was determined by cold vapor fluorescence spectroscopy
with a Leemann PS200 mercury analyzer as previously described (30).
The effect of added metal ions on the redox potential of uninoculated medium

was determined with a Fisher platinum-Ag-AgCl combination electrode (8). The
electrode was rinsed in anaerobic medium and placed in an opened serum bottle
of anaerobic medium with stirring under the anaerobic gas phase while increas-
ing amounts of concentrated anaerobic metal salt solutions were added anaer-
obically. The Eh was recorded with each addition once equilibrium was reached.
Light’s (1430 mV) and Zobell’s (1183 mV) solutions were used as standards (8).
Medium pH was determined in a similar manner with a pH electrode. Cu(I) and
Cu(II) were differentiated by using the Bathocuproine method with and without

hydroxylamine (8) under an anaerobic headspace of N2 to maintain the same
Cu(I)-to-Cu(II) ratio as in the anaerobic medium. Cr(VI) was quantified by using
method 3500-Cr D (8) without addition of the oxidizing agent required to
convert Cr(III) to Cr(VI). This assay was performed aerobically.

RESULTS

Determination of sublethal concentrations of heavy metal
ions. Acclimation times and biodegradation rates for 2CP,
phenol, benzoate, and 3CB in the presence of added metal ions
are presented in Table 1. Biodegradation was not observed in
any consortia with added metals at 25 to 100 ppm during a
30-day incubation, despite complete degradation in control
consortia (data not shown). Acclimation times for 2CP, phe-
nol, benzoate, and 3CB biodegradation in control consortia
were 3 to 7, 2 to 5, 0 to 3, and 0 days, respectively. 2CP, phenol,
benzoate, and 3CB biodegradation was complete in controls
between 20 and 26, 5 and 14, 7 and 10, and 11 and 15 days,
respectively. Consortia containing added metals and showing
no biodegradation were incubated at least twice as long as it
took for biodegradation to be completed in control consortia.
Cadmium. 3CB biodegradation was the most sensitive to

added Cd(II). The acclimation time increased from 0 to 2 days
at 0.1 ppm, and biodegradation was not observed at $0.5 ppm
(Table 1). 2CP, phenol, and benzoate biodegradations were

TABLE 1. Effect of added Cd(II), Cr(VI), Cu(II), or Hg(II) on
the rate of 2CP, phenol, benzoate, or 3CB biodegradation

Metal and concn
(ppm)

%Va (acclimation time [days])b

2CP Phenol Benzoate 3CB

Cd(II)
0.00c 100 (7) 100 (2) 100 (0) 100 (0)
0.01 118 (7) 101 (2) 185 (0) 83 (0)
0.1 124 (5) 138 (2) 127 (0) 100 (2)
0.5 74 (5) 80 (5) 110 (2) 0
1.0 59 (15) 29 (7) 35 (2)
2.0 0 0 0

Cr(VI)
0.00c 100 (7) 100 (2) 100 (0) 100 (0)
0.01 123 (7) 177 (2) 169 (0) 93 (0)
0.1 98 (7) 106 (2) 131 (0) 126 (5)
0.5 76 (13) 70 (5) 60 (2) 0
1.0 41 (13) 68 (5) 58 (2)
2.0 37 (13) 70 (5) 58 (2)
5.0 0 0 0

Cu(II)
0.00c 100 (7) 100 (2) 100 (0) 100 (0)
0.01 168 (7) 101 (2) 109 (0) 96 (0)
0.1 90 (7) 102 (2) 91 (0) 93 (0)
0.5 71 (13) 44 (5) 112 (2) 98 (0)
1.0 64 (15) 31 (5) 0 74 (4)
2.0 0 0 23 (8)
5.0 0

Hg(II)
0.0c 100 (3) 100 (5) 100 (3) 100 (0)
0.1 30 (6) 75 (3) 149 (3) 105 (6)
0.5 23 (10) 79 (3) 131 (5) 103 (6)
0.7 58 (0)
1.0 133 (14) 0 71 (9) 105 (6)
1.7 154 (33)
2.0 142 (14) 0 69 (30)

a%V 5 degradation rate with added metals 4 degradation rate in controls
lacking metals 3 100.
b Acclimation time is the time before biodegradation was observed.
c Control lacking added metal.
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similarly sensitive to added Cd(II) when acclimation time,
metal concentration at which biodegradation rates started to
decline, and concentration at which biodegradation failed to
occur were considered. Acclimation times increased at 0.5 ppm
by 2 and 3 days, respectively, for benzoate and phenol biodeg-
radation and by 10 days at 1.0 ppm for 2CP biodegradation.
Although biodegradation rates of 2CP and phenol declined to
80 to 29% of control rates from 0.5 to 1.0 ppm, benzoate
biodegradation rates did not decline until 1.0 ppm. 2CP, phe-
nol, and benzoate were similar in not being degraded at 2.0
ppm or greater. Interestingly, the presence of Cd(II) at 0.01
ppm increased benzoate degradation rates to 185% of the
control rates.
Chromium. As with the addition of Cd(II), 3CB biodegra-

dation was most sensitive to added Cr(VI). The acclimation
time increased from 0 to 5 days at 0.1 ppm, and biodegradation
also failed to occur at $0.5 ppm (Table 1). 2CP, phenol, and
benzoate biodegradations showed similar sensitivities to added
Cr(VI) but were less sensitive to added Cr(VI) than to added
Cd(II). 2CP, phenol, and benzoate acclimation times increased
by 6, 3, and 2 days, respectively, and biodegradation rates
decreased to 76 to 37% of control rates from 0.5 to 2.0 ppm.
Biodegradation of 2CP, phenol, and benzoate was not ob-
served at 5.0 ppm. The presence of added Cr(VI) at 0.01 ppm
increased the biodegradation rates of both phenol and benzo-
ate to 177 and 169% of the control rates, respectively.
Copper. Benzoate biodegradation was most sensitive to

added Cu(II), and biodegradations of 2CP and phenol were
similarly sensitive. In contrast to Cd(II) and Cr(VI), 3CB bio-
degradation was less sensitive to added Cu(II) than was bio-
degradation of the other three compounds. Acclimation times
for 2CP, phenol, and benzoate biodegradation increased by 6,
3, and 2 days, respectively, at 0.5 ppm. Benzoate biodegrada-
tion rates were not affected by 0.5 ppm, while 2CP and phenol
biodegradation rates declined to 71 to 31% of the control rates
between 0.5 and 1.0 ppm. However, benzoate biodegradation
was not observed at 1.0 ppm, compared with 2.0 ppm for 2CP
and phenol. Interestingly, adding Cu(II) at 0.01 ppm increased
the biodegradation rate of 2CP to 168% of the control rate.
The acclimation time for 3CB biodegradation increased from 0
to 4 and 8 days, respectively, at 1.0 and 2.0 ppm. Biodegrada-
tion rates declined between 1.0 and 2.0 ppm, while biodegra-
dation was not observed at 5.0 ppm.
Mercury. Phenol biodegradation was most sensitive to

added Hg(II), followed by benzoate biodegradation. Although
phenol acclimation times decreased from 5 to 0 days between
0.1 and 0.7 ppm, biodegradation rates also decreased between
these concentrations. Phenol was not degraded at 1.0 ppm.
Acclimation times for benzoate biodegradation increased from
3 to 9 days between 0.1 and 1.0 ppm, but biodegradation rates
did not decrease until 0.7 ppm. Benzoate biodegradation was
not observed at 2.0 ppm.
The 2CP and 3CB biodegradation curves were unusual in

the presence of added Hg(II). Between 0.1 and 0.5 ppm, ac-
climation times increased by 3 to 7 days for 2CP and the overall
biodegradation rates were reduced by 70 to 80%. However, at
these metal concentrations biodegradation rates actually in-
creased over time. For example, the overall 2CP biodegrada-
tion rate at 0.5 ppm was 10.8 mM/day, but the rate was 6.8
mM/day for the first 37 days and then increased sharply to 32.7
mM/day until 2CP was completely degraded. Interestingly, at
1.0 and 2.0 ppm after a 14-day acclimation period, rapid onset
of 2CP biodegradation was observed at linear rates that were
133 and 142% of the control rates, respectively. Although ac-
climation times for 3CB biodegradation increased from 0 to 6
days between 0.1 and 1.0 ppm, 3CB biodegradation rates were

unaffected. However, after an extended acclimation period of
33 days at 1.7 ppm, 3CB biodegradation rates increased to
154% of the control rate, as had been observed for 2CP bio-
degradation. After an acclimation period of 30 days at 2.0 ppm,
and in contrast to that of 2CP, the biodegradation rate of 3CB
decreased to 69% of the control rate.
Effect of sublethal concentrations of metal ions. To study

the effect of added heavy metals on biodegradative intermedi-
ates and end products, sublethal concentrations of each metal
were selected which reduced the biodegradation rate of target
compounds by approximately 50%.
2CP. 2CP dechlorination rates were 7.7 mM/day (Fig. 1A)

with added Cu(II) at 1.2 ppm, or 18.9 mM, compared with 13.4
mM/day in controls, a decline of 42%. Phenol, the dechlori-
nation product, accumulated stoichiometrically in the Cu(II)-
amended consortia to 473 mM for the first 50 days, indicating
little or no degradation of phenol. Phenol biodegradation was
observed after 50 days (22.3 mM/day), which coincided with a
sharp reduction in the 2CP dechlorination rate (2.0 mM/day).
Both 2CP and phenol were completely degraded by 72 days in
the Cu(II)-amended consortia. Phenol accumulated stoichio-
metrically to 266 mM in controls, but phenol biodegradation
started on day 25 and was somewhat faster (27.7 mM/day) than
in Cu(II)-amended consortia. Control consortia completely de-
graded 2CP and phenol in 40 days. There was no acclimation
period for either control or Cu(II)-amended consortia.
Adding Cr(VI) to 2.5 ppm or 48.1 mM, had a marked effect

on 2CP dechlorination rates, decreasing them by 65% to 4.6
mM/day, compared with 13.0 mM/day in control consortia (Fig.
1B). Phenol accumulated in metal-amended consortia for 49
days, followed by degradation at 10.9 mM/day, or 40% slower
than in control consortia (27.5 mM/day), which accumulated
phenol for only 20 days before phenol biodegradation was
initiated. Degradation of 2CP and phenol was complete by 40
days in control consortia, compared with $87 days for Cr(VI)-
amended consortia. There was no discernible acclimation pe-

FIG. 1. Degradation of 2-CP (h) and formation and degradation of phenol
(Ç) in the presence of a sublethal concentration of Cu(II) (1.2 ppm) (A), Cr(VI)
(2.5 ppm) (B), Cd(II) (0.8 ppm) (C), or Hg(II) (0.3 ppm) (D). Open symbols
represent control consortia, and closed symbols represent metal-amended con-
sortia.
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riod in control consortia, but an acclimation period of 20 to 24
days was observed with metal-amended consortia.
In the presence of Cd(II) at 0.8 ppm, or 7.1 mM, the overall

dechlorination rates in control and metal-amended consortia
(Fig. 1C) were 11.0 and 7.3 mM/day, respectively, which is a
34% decrease. However, dechlorination rates in control con-
sortia were similar to those of Cd(II)-amended consortia (6.9
mM/day) for the first 27 days and increased to 21.4 mM/day
thereafter, while the rates in Cd(II)-amended consortia re-
mained unchanged. Phenol accumulated in control consortia
until day 27, after which it was rapidly degraded (48.7 mM/day).
Thus, in control consortia the onset of phenol biodegradation
coincided with an increase in 2CP dechlorination rates. Phenol
accumulated for a longer period (45 days) in Cd(II)-amended
consortia and was degraded at 17.3 mM/day thereafter, 64%
more slowly than in controls. 2CP and phenol biodegradation
was complete by 40 days in control consortia but took 75 days
in Cd(II)-amended consortia. There was a 7-day acclimation
period in metal-amended consortia but none in control con-
sortia.
With Hg(II) at 0.3 ppm, or 1.5 mM, 2CP dechlorination was

much slower than in control consortia. First, there was an
acclimation period of at least 20 days in the Hg(II)-amended
consortia but none in controls (Fig. 1D). Second, once initi-
ated, the overall 2CP dechlorination rate in Hg(II)-amended
consortia was 6.8 mM/day versus 11.0 mM/day in control con-
sortia, a 38% decrease. However, in Hg(II)-amended consor-
tia, the 2CP dechlorination rate was only 3.6 mM/day between
20 and 56 days and the rate increased to 10.2 mM/day between
56 and 86 days. Increasing dechlorination rates over time in the
presence of Hg(II) were also observed in the initial study
discussed above. Finally, 2CP dechlorination was complete
by 40 days in control consortia but took 92 days in Hg(II)-
amended consortia. Phenol, the dechlorination product, accu-
mulated for 49 days in Hg(II)-amended consortia before being
degraded at 14.1 mM/day, and degradation was complete by 86
days. In contrast, phenol accumulated for only 20 days in con-
trol consortia and was degraded at 23.3 mM/day, 65% faster
than in Hg(II)-amended consortia. Degradation was complete
by 40 days.
Benzoate, the transformationproductofphenol inourconsor-

tia, was not detected in any of the 2CP control or metal-amend-
ed consortia, indicating rapid biodegradation of benzoate un-
der all conditions. Acetate, the organic product of benzoate
ring cleavage, was detected at somewhat higher concentrations
in metal-amended consortia (138 to 536 mM) than in control
consortia (0 to 274 mM) but was below the detection limit in all
consortia by the time the target compound was completely
degraded. The ratio of the concentration of methane, an end
product of anaerobic biodegradation, in metal-amended to

that in control consortia is presented in Table 2. Methane
production was suppressed 71, 45, and 70%, respectively, in
Cd(II)-, Cr(VI)-, and Cu(II)-amended 2CP consortia but was
not strongly affected in Hg(II)-amended consortia (94%).
Phenol. A phenol consortium, derived from the 2CP consor-

tium, was used to examine the effect of sublethal concentra-
tions of added metals on phenol biodegradation when phenol
was the initial substrate. At a sublethal concentration of Cd(II)
of 0.8 ppm, or 7.1 mM, phenol concentrations decreased very
slowly (9.0 mM/day) for the first 21 days but increasing degra-
dation rates (26.0 to 80.0 mM/day) were observed for 36 days,
when phenol was no longer detected. In contrast, control con-
sortia had no acclimation period and biodegradation rates
were much faster (102 mM/day) and phenol was no longer
detected at 16 days (data not shown).
The addition of Cr(VI) at 1.0 ppm, or 19.2 mM, resulted in

a phenol biodegradation rate of 19.8 mM/day for the first 12
days, followed by an increased rate of 80.4 mM/day until day
20, when phenol was no longer detected. Control consortia had
a faster initial degradation rate (27.3 mM/day), and rates in-
creased to 159.3 mM/day after 8 days. Phenol was below the
detection limit at 12 days (data not shown).
Adding Cu(II) at 0.5 ppm, or 7.9 mM, resulted in an accli-

mation period of 13 days in which phenol concentrations re-
mained unchanged. Once phenol biodegradation was initiated,
its rate was 76.0 mM/day and degradation was complete by 25
days. In control consortia, phenol biodegradation started im-
mediately, proceeding at 66.2 mM/day for 6 days and increasing
to 93.6 mM/day thereafter, and phenol concentrations reached
zero by 13 days (data not shown).
Adding Hg(II) at 0.7 ppm, or 3.5 mM, resulted in an accli-

mation period of 20 days during which phenol concentrations
did not decline, but once phenol biodegradation was initiated,
it proceeded at 84.3 mM/day. Phenol was biodegraded at 27.0
mM/day in control consortia for the first 8 days, after which the
rate increased to 160.5 mM/day until day 12, when phenol was
no longer detected.
Benzoate was not detected as an intermediate of phenol bio-

degradation in either control or metal-amended phenol con-
sortia, indicating rapid benzoate turnover. Acetate was detect-
ed at higher concentrations in phenol consortia containing
added metal ions (90 to 1,100 mM) than in control consortia
(10 to 600 mM). The highest concentration of acetate was as-
sociated with Cu(II), and the lowest was associated with Cd(II).
Acetate was subsequently degraded in all consortia. All four
metal ions suppressed methane production in the phenol con-
sortia (Table 2). Methane production was lowest (21%) in
Cu(II)-amended consortia and highest (52%) in Hg(II)-amend-
ed consortia.
Benzoate. A benzoate consortium, derived from the 2CP

consortium, was used to examine the effect of sublethal con-
centrations of added metals on benzoate biodegradation with
benzoate as the initial substrate (data not shown). Sublethal
concentrations of Cd(II) (1.0 ppm), Cr(VI) (1.7 ppm), Cu(II)
(0.6 ppm), and Hg(II) (1.0 ppm), i.e., 8.9, 32.7, 9.4, and 5.0 mM,
respectively, were added. Acclimation periods were shortest
for Cr(VI) at 7 days and longest for Cd(II) at 28 days, with 17
and 20 days for Hg(II) and Cu(II), respectively. Acclimation
was not observed in control consortia. Once biodegradation
was initiated, its rate in the presence of added Cu(II) or Hg(II)
was substantially slower (76.9 or 100.6 mM/day, respectively)
than in control consortia (178.8 or 166.0 mM/day). In contrast,
added Cd(II) or Cr(VI) had no effect on the benzoate biodeg-
radation rate after the acclimation period. Acetate accumu-
lated to relatively high concentrations (1.3 to 1.4 mM) in
Cu(II)-, or Hg(II)-amended consortia, but it subsequently de-

TABLE 2. Effects of heavy metal ions on final methane ratios
in 2CP, phenol, benzoate, and 3CB consortia

Metal
Consortiuma

2CP Phenol Benzoate 3CB

Cd(II) 0.29b (7.1)c 0.34 (7.1) 0.76 (8.9) 0.25 (2.7)
Cr(VI) 0.65 (48.1) 0.38 (19) 0.97 (32.7) 0.77 (5.8)
Cu(II) 0.30 (18.9) 0.21 (7.9) 0.63 (9.4) 0.23 (15.7)
Hg(II) 0.94 (1.5) 0.52 (3.5) 0.03 (5.0) 0.32 (7.5)

a Phenol and benzoate consortia were derived from the 2CP consortium.
bMethane ratio 5 final [methane] with metals 4 final [methane] in controls

lacking metals.
c Added metal ion concentration (micromoles per liter).
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clined below the detection limit. There was little acetate accu-
mulation in the presence of Cd(II) or Cr(VI). Methane pro-
duction was strongly inhibited by added Hg(II), reducing the
final methane yield to 3% of the control concentration, while
added Cu(II) and Cd(II) reduced methane production to 63
and 76%, respectively (Table 2). Cr(VI) did not inhibit meth-
ane production from benzoate, as the methane yield was 97%
of the control concentration.
3CB.With 3CB as the initial substrate, sublethal concentra-

tions of metals were added to examine differences between
effects on dechlorination of 3CB versus 2CP. Acclimation was
observed in all 3CB control consortia, while none was observed
in 2CP control consortia, indicating that 2CP was more readily
dechlorinated than 3CB in the respective consortia. Acclima-
tion periods for 3CB dechlorination were longest (47 days)
with Cd(II) or Cr(VI) at 0.3 ppm, i.e., 2.7 and 5.8 mM, respec-
tively (Fig. 2B and C), coinciding with the greater sensitivity of
3CB observed toward these metals in the initial study, and
longer than the acclimation periods reported above for 2CP
dechlorination in the presence of lower concentrations of these
two metals. Acclimation periods for 3CB degradation were 11
to 12 days in the presence of Cu(II) at 1.0 ppm or Hg(II) at 1.5
ppm, i.e., 15.7 and 7.5 mM, respectively (Fig. 2A and D). A
longer acclimation period (20 days) was reported for 2CP at a
lower Hg(II) concentration, while no acclimation was observed
for a similar concentration of Cu(II).
Once biodegradation started, the consortia amended with

Cu(II), Hg(II), or Cr(VI) degraded 3CB at 57 to 59% (32 to 43
mM/day) of the control rate (55 to 78 mM/day). There was no
difference between the overall degradation rates of Cd(II)-
amended (37 mM/day) and control (39 mM/day) consortia, but
the initial (days 12 to 23) rate (24.3 mM/day) was slower than
the final (days 23 to 28) rate (80.8 mM/day). There was no
accumulation of benzoate, the dechlorination product, in met-
al-amended or control consortia. The ring cleavage product,
acetate, was detected at somewhat higher concentrations in

consortia containing added Cu(II), Cr(VI), and Hg(II) than in
control consortia (334 to 771 mM versus 176 to 190 mM).
Added Cd(II) had no effect on acetate concentrations. Meth-
ane production was inhibited relatively strongly by Cu(II),
Cd(II), and Hg(II), reducing yields to 23, 25, and 32% of the
control concentrations, respectively (Table 2). Cr(VI) had a
moderate effect, reducing the methane yield to 77%.
Nonbiological characteristics. The effect of adding heavy

metals ions at 0.01 to 5.0 ppm on the redox potential of uni-
noculated anaerobic medium is presented in Fig. 3. All metal
ions increased the Eh. Except for Cd(II), the major increase
occurred between 0.01 and 1.0 ppm. Over this range, Hg(II)
had the greatest effect, increasing the Eh from 130 to 1150
mV, while Cd(II) had the least effect, raising the Eh to 145
mV. Overall, addition of Hg(II) resulted in the greatest change
in Eh (1175 mV), while Cu(II) changed the Eh least (150
mV). Cd(II) had little effect below 1.0 ppm, with a gradual
increase to1120 mV as its concentration increased from 1.0 to
5.0 ppm. The pH of the medium was tested in selected cultures
before and after growth in the presence and absence of the
metal ions and was found to remain near 7.0 in all cases.
The anaerobic Bathocuproine assay revealed that Cu(II) at

0.1 to 5.0 ppm added to uninoculated anaerobic medium was
readily reduced to Cu(I). Cr(VI) was reduced to Cr(III) in
uninoculated anaerobic medium when present at #0.5 ppm,
but amounts above this concentration remained as Cr(VI).
After degradation of the target compound and all interme-

diates was complete, the soluble concentration of the added
metal was determined. In 2CP consortia, all metals were below
the detection limits (1.2, 2.2, 0.3, and 0.2 ppb for Cu, Cd, Cr,
and Hg, respectively). Cr was detected at 32.6 and 137.5 ppb in
the 3CB and phenol consortia, respectively, but the other three
metals were below the limits of detection. Cd, Cr, and Hg were
detected in the benzoate consortium at 50.0, 113.0, and 51.6
ppb, respectively, while Cu was below the detection limit.
These low concentrations did not allow differentiation of Cu(I)
from Cu(II) or Cr(III) from Cr(VI) by the colorimetric assays
described above.

DISCUSSION
Complete anaerobic biodegradation of 2CP (Fig. 4) involves

the following steps: dechlorination of 2CP to phenol, transfor-
mation of phenol to benzoate (16, 35), and mineralization of
benzoate to CO2 and CH4 (33) via acetate, H2, and CO2 by
syntrophic bacterial species in association with methanogens

FIG. 3. Relationship between heavy metal ion concentration and redox po-
tential in uninoculated anaerobic medium.

FIG. 2. Degradation of 3CB in the presence of a sublethal concentration of
Cu(II) (1.0 ppm) (A), Cr(VI) (0.3 ppm) (B), Cd(II) (0.3 ppm) (C), or Hg(II) (1.5
ppm) (D). Open symbols represent control consortia, and closed symbols rep-
resent metal-amended consortia.
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(26). 3CB is dechlorinated to benzoate and similarly degraded
(6). Each step is performed by unique functional groups or
species of anaerobic bacteria. Since the bioavailable concen-
tration of an added metal ion can change with time, phenol-
and benzoate-degrading consortia derived from the 2CP con-
sortium allowed us to examine the effect of added heavy metals
on metabolic intermediates of 2CP biodegradation. 2CP and
3CB consortia were used to compare the effects of selected
heavy metals on two types of reductive dechlorination.
Three effects of added metal ions on dechlorination and

biodegradation of 2CP and 3CB were observed, including ex-
tended acclimation periods, reduced dechlorination or biodeg-
radation rates, and failure to dechlorinate or biodegrade the
target compound. The concentration at which these effects
were observed was characteristic of the metal ion added, the
target compound being studied, and the consortium being
used. On the basis of failure to dechlorinate the target com-
pound, the 2CP consortium would be considered most sensi-
tive to added Cd(II) or Cu(II). However, 2CP acclimation
times increased and dechlorination rates decreased at much
lower added Hg(II) concentrations, suggesting greater sensi-
tivity. Higher concentrations of Hg(II) were associated with
extended acclimation times followed by rapid degradation,
suggesting adaptation to Hg(II), perhaps via removal or trans-
formation of Hg(II) by mercury-resistant bacterial species (1).
Dechlorination of 3CB was most sensitive to added Cr(VI) or
Cd(II) and was more sensitive to added Cd(II) than was de-
chlorination of 2CP. 2CP and 3CB are dechlorinated by dis-
tinct bacterial species (3, 5, 21, 36); therefore, differences in
metal sensitivity may be specific to the dechlorinating species
or the dechlorinating enzymes themselves. Differences be-
tween bacterial species in the two consortia that are not di-
rectly involved in dechlorination but transform or otherwise
remove the metal may also account for variations in metal
sensitivity.
Considering the intermediate steps of 2CP biodegradation,

phenol biodegradation was most sensitive to added Hg(II),
while benzoate biodegradation was most sensitive to added
Cu(II). As suggested above, either specific or general varia-
tions in the bacterial populations could account for differences
in metal sensitivity between the phenol and benzoate consor-
tia.
In some cases, addition of low concentrations of metal ions

enhanced degradation rates. Synergism toward growth has
been reported with combinations of low concentrations of cer-
tain toxic and nutritional metals (11, 35). Bacterial species that
compete for limited reducing equivalents or nutritional factors

in the consortium may be more sensitive to added metals than
are species responsible for the degradation under study (2).
Thus, their elimination may allow the degradation under study
to proceed more rapidly than in controls. Since Cu(II) is a
nutritional metal, its stimulatory effect could be the result of its
presence at a more nearly optimal concentration.
Acclimation periods were observed in both control and met-

al-amended consortia, but extended acclimation periods were
often observed above certain metal ion concentrations. In con-
trol consortia, acclimation may have resulted from the need for
protein induction, enzyme synthesis, a lower redox potential,
or proliferation of bacterial species responsible for production
of reducing equivalence, nutritional factors, or the initial deg-
radation step. Extended acclimation periods in metal-amended
consortia may result from induction of a protein required for
metal precipitation or detoxification, a genetic change, or se-
lection of a tolerant or detoxifying bacterial species or popu-
lation, resulting in precipitation and/or detoxification of added
metal ions. Nonspecific binding of added metal ions to organ-
ics, inorganics, or increased biomass may also decrease bio-
availability over time. Reduction of a higher initial redox po-
tential may also be involved; however, no direct correlation
between the Eh in metal-amended media (Fig. 3) and a relative
increase in the acclimation period (Table 1) was observed. The
longest acclimation times were associated with 2CP or 3CB
dechlorination and added Hg(II). These were followed by a
sudden onset of dechlorination at rates more rapid than in
controls. Adaptation to Hg(II) has been reported previously
(1) and could result from Hg(II) volatilization to Hg0 by resis-
tant bacterial species. Studies to investigate the basis for our
observations are under way.
The only intermediate observed to build up at sublethal

concentrations of added metals was phenol (Fig. 1) in the 2CP
consortium with added Cu(II). On the basis of results obtained
in the initial study, the concentration of Hg(II) added in the
sublethal study should have inhibited phenol degradation in
the 2CP consortium, while the Cr(VI) and Cd(II) added
should have inhibited the degradation of both phenol and
benzoate. Since this was not observed, it is possible that bio-
available metal ion concentrations were decreased with time by
specific detoxification mechanisms or by nonspecific precipita-
tion or binding to biomass, making them unavailable when
metabolic intermediates were being produced. It is also possi-
ble that bacterial species responsible for detoxification or re-
moval of these metal ions in the 2CP consortium were lost in
deriving the phenol and benzoate consortia.
In almost all cases, the presence of added metal ions re-

duced methane yields, indicating that methanogenesis in our
consortia was adversely affected by added metal ions. Many
investigators have concluded that methanogens were most sen-
sitive to added toxicants, while other bacterial groups were
responsible for detoxification (13, 22, 27, 28, 37). Hickey et al.
(9), in contrast, concluded that other trophic groups were more
severely inhibited by a pulse addition of Cu(II), Zn(II), or
Cd(II).
Our data have three significant implications. First, dechlo-

rination and intermediate metabolic steps in the anaerobic
mineralization of chlorinated aromatic compounds are differ-
entially sensitive to various added heavy metal ions. Several
studies have shown that heavy metals are bioavailable to an-
aerobic bacterial species and affect anaerobic processes, in-
cluding methanogenesis and sulfate reduction in sediments (2),
volatile fatty acid degradation (19), hydrogen formation and
methanogenesis during anaerobic sludge digestion (8, 18), and
methanogens in pure culture (10, 29). Dehalogenating anaer-
obic bacterial species often depend upon other anaerobes for

FIG. 4. Biodegradation pathway of 3CB and 2CP.
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reducing equivalents for reductive dechlorination and upon
anaerobic syntrophic bacterial species to remove the dechlori-
nated product. Syntrophic anaerobic bacterial species, in turn,
depend upon methanogens, or other H2-utilizing bacterial spe-
cies, to remove hydrogen formed during degradation of an
organic substrate, making degradation thermodynamically fea-
sible. As a result of this interdependence, metals which affect
methanogens, methanogenesis, syntrophic species, or hydro-
gen formation or utilization can have an indirect effect on
dechlorination and degradation of halogenated aromatic com-
pounds.
Second, some anaerobic bacterial species in our consortia

may be resistant to or capable of transforming heavy metal
ions. Since several anaerobic bacterial species have been
shown to reduce and transform many different metals (4, 20),
this aspect is currently under investigation in our laboratory.
Finally, not only must the presence of metals be determined

at a potential bioremediation site as a means of predicting the
outcome of anaerobic bioremediation of an organic pollutant,
but there also exists the potential of using anaerobic bacterial
species to bioremediate a site that is contaminated with heavy
metals alone or using several anaerobic species to bioremedi-
ate both heavy metals and organic pollutants either sequen-
tially or in combination.
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